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Abstract This paperinvestigateghe ability of a two-fluid hydrodynamicmodel
to accuratelypredictpressuredropin anindustrialscalecirculatingfluidized bed
(CFB).Experimentatlatagenerate@ttheNationalEnegy TechnologyLaboratory
(NETL) is usedto validatethe numericalmodel. Two dimensionakimulationsof

therisersectionof the CFB wereperformedover arangeof solidscirculationrates
andrisergasvelocities.Riserinventoryis shavn to bethe appropriateyuantityfor

determiningwhen steady-stateonditionshave beenreachedandfield variables
shouldbetime-averaged.This investigationalsoshavs inconsistencief the pre-

diction of riserinventorieswhenusingdifferenthigh orderlimiters.

1 Introduction

Over sixty yearshave passedsincecirculatingfluidized beds(CFB’s) appearean
the sceneasa new technologyin gas-solidssystems.Sincethenindustry hasin-
creasinglyrelied upon CFB’s to satisfy both economicand operationalgoalsin
suchindustrial areasas power generationmineral and chemicalprocesses De-
spitetheir growth in popularity differentdesigns scale-up,andnew applications
areslow to emege due primarily to the lack of understandingf the complex hy-
drodynamidnteractionshetweerthe gasandsolidsphasesThe generalapproach
in designingnenv CFB’sis usuallybasedon a collectionof empiricalcorrelations
and/orscalinglaws. However, it is still difficult to integratethis informationinto
a comprehense modelandwhenlarge changesn scaleor operatingparameters
occurtheusageof suchanapproachs questionable.

Two-fluid hydrodynamiamodelsareslowvly gainingacceptancasanalterna-
tive methodin understandinghe comple interactionsbetweerthe gasandsolids
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phasesn a CFB andaid in the designandscale-up.The ideaof describinggas-
solidssystemswith a two-fluid hydrodynamiamodelhave existedsincethe early
60’s (Davidson,1961;Jackson1963;AndersornandJackson1967). Theresulting
equationssetforth by theseresearcherare very difficult to solve, and numeri-
cal solutionscapableof predictingsomeof the comple interactionsbetweenthe
phasesuchasclustersandcore-annulastructurecamemuchlater (for example,
TsuoandGidaspav, 1990;Gidaspw etal., 1992;0’Brien andSyamlal,1993).

Todaythereare numerousnumericalinvestigationsof CFB’s on a small (ex-
perimental)scale,but investigationson anindustrialscalearerarely foundin the
literature.Industrialscaleinvestigationsareusuallylimited to obtainingonly afew
secondof dataandusinglow orderdiscretizationtechniquegfirst orderupwind-
ing) to speedup corvergencerates.Unfortunately this type of approachyenerally
gives unsatisctory results. In this investigationwe usedlong run timesin or-
der for the solidsinventory in the riser to reacha steady-stateondition. This
investigationshavs that higherordermethodsshouldbe usedbecausdirst order
upwinding (FOU) is too diffusive to accuratelypredictthe comple interactions
betweenthe phases.The secondorder Superbedimiter anda recentlypublished
upwind-biasedour point fourth orderinterpolationmethod(FPFOI)(Songetal.,
1999)arecomparedisinga deferredcorrectionapproachRecently Guentheand
Syamlal,(2001) have shawvn thatlarge CPU timesand stability concernspsually
associateavith usinghigh ordermethodsn densegas-solidglows, canbe signifi-
cantlyreducedy usingdeferredcorrection.Thisinvestigationalsoshavs thatthe
Superbedimiter consistentlyover-predictedthesolidsriserinventorycomparedo
the FPFOlresults.

2 Mathematical M odel

Two-fluid hydrodynamicmodels, also referredto as Eulerian-Eulerianmodels,
treatthefluid andsolidsastwo continuousandfully interpenetratingphasesThis
approachresultsin mass,momentumandenegy balanceequationdor both the
gasand solids phases.For isothermalconditions,the continuity and momentum
balanceequationggasphasem = g, solidsphasem= s) aregivenbelow.
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Expressiongor thegas-solidszlraglﬁmI andgas-solidsstresstermsg_m areneededo
closethe system Deatilsaboutthe constitutve modelscanbefoundin Syamlalet
al. (1993),Syamlal(1998),andGuentheandSyamlal(2001).

3 Numerical Procedure

The governingsetof partial differentialequationg1)-(2) aresolved usinga finite
volume technique. The MFIX codedevelopedat the National Enegy Technol-
ogy Centerwasusedfor the numericalstudy (seewww.mfix.org for details). The
numericalprocedurethe second-ordespatialdiscretizationrmethodanddeferred
correctionapproachare describedn Syamlal(1998) and Guentherand Syamlal
(2001).For the presenstudywe alsoincludedanupwind-biasedour point fourth
orderinterpolationmethod(FPFOI)(Songetal. 1999)in MFIX. This methodwas
usedto discretizethe corvectiontermsin the continuityandmomentunequations
usingthelimiter ULTIMATE (Leonard,1991)to preventunphysicahumericalos-
cillations. A purposeof this studyhasbeento comparehe performancef FPFOI
andSuperbeenethoddor simulatingcirculatingfluidized beds.

4 Experimental and Numerical Results

Theriserportionof theexperimentaket-uphasaninsidediameterf 12inchesand
is 56.4feethigh. The mainfluidizing gas,air, wasfed througha perforatedplate
atthe baseof theriser Solidsenteredheriservia a 10inch diametedoopseall6
inchesabove the plateandexit througha 8 inch diameterblind-teeconfiguration
52.4feetabove the plate. To minimize static chage buildup, the riser consisted
mostly of carbonsteelsggments. It was equippedwith 23 differential pressure
transmittersconnectedn seriesto measurencrementalpressuredropsalongthe
bed. The solidsphaseconsistecbf 1000 um cork particleswith a densityof 190
kg/m?.

The MFIX simulationswere conductedusing two-dimensionalCartesiarnco-
ordinates.(A 2D axisymmetricsimulationwould appearto be the naturalchoice
for approximatinghe cylindrical risersection.However, unphysicaklustersform
atthe centerlinein suchsimulations.Hence we chosea 2D Cartesiargrid in this
preliminaryinvestigationto comparehigh orderlimiters.) The computationagrid
consistedf 30 cellsin thex-directionand860cellsin they-directionandno-slip
boundaryconditionswere usedfor both phases. Initially, the riser was void of
ary solidscorrespondingo the experimentalconditionsat start-up. The voidage
andsolidsvelocity at the sideinlet and gasvelocity at the baseof the riser were
held constantluringeachsimulation.Also, additionalair (move air) wasspecified



with the solidsto accountfor thefluidizing air usedin theloopsealndatthe base
of the standpipeduring operation. Eachsimulationwasrun until 10-15seconds
of dataat steady-stateonditionswas collected. In this investigationsteady-state
wasdeterminedvhenthetotal solidsinventoryin theriserdid not shawv ary large
fluctuationsovertime. This criteriafor steady-stateequiredlongerruntimesthan
usingsolidscirculationrateasa criteria. In fact, solidscirculationratesreached
steady-stateonditionswell beforethe solidsinventoryin theriserdid andshould
not be usedto determinesteady-stateonditions. Typically, simulationsrequired
80-120secondf datato be collectedusingonly the final 10-15secondsn our
analysis. Simulationswere conductedon high-enddual processoPC’s and run
timesweregenerallyon the orderof three-fourweeks.

Experimentabperatingconditionsandthe pressuradropsover a 15 m section
of theriseraresummarizedn Tablel. Experimentadataaretime averagedover
5 minutesof steady-stateperatingconditions.

RUN | Vg (m/s) | Gs (kg/s) | APgy, (Pa) | APepr (Pa)
CK2 2.3 0.2035 744 730
CK4 3.2 0.4259 2046 1888
CK7 3.2 0.5655 2618 2412
CK16| 4.3 0.7758 2370 2335
CK17| 43 1.0966 3121 2894

Tablel: Experimentabperatingconditionsandriser pressuralrops.

Pressureropspredictecby MFIX usingFPFOlaregivenin lastcolumn. Excellent
agreemenbf the incrementalpressuredrop betweenintermediatepressuretaps
was also predictedby FPFOI. Figure 1 gives the pressuredrop per unit length
(AP/AL) alongthelengthof theriserfor run CK7. The otherrunsshaved similar
guantitatve agreementvith experiment.

Using CK7 Figure2 compareghe predictedaveragevoidagewith thevoidage
calculatedrom the equatiomAP /AL = (1 — &) psd. The predictedvoidageis time
averagedandspatiallyaveragedicrosghewidth of theriser In theupperregionsof
theriserthe voidagecalculatedrom the equationdiffers from the actualvoidage.
Similar differencesvereobseredfor theotherrunsalso.Until furthersimulations
arecompletedijt is believed thatthe discrepang in the numericalresultsbetween
the predictedandcalculatedvoidagess dueto the two-dimensionalityof the sim-
ulation andthe no-slip boundaryconditions. In the numericalsimulationsa large
percentagef thesolidsarecarriedbeyondthe exit andarerecirculatecbackdown
alongthewall oppositeof theexit. This patternis certainlyphysicalfor ablind-tee
configuration but without an additionaldegreeof freedomaffordedby a third di-
mensionthe numericaleffectis greatlyexaggeratedBecausef the solidsno-slip
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Figurel: IncrementaPressurérop For RUN CK7.
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Figure2: Axial VoidageProfilesFor RunCK?7.

boundaryconditionsno work is requiredby the gasto suspendr acceleratehe
solidsin the cellsadjacento thewall. However, in the numericalpredictionof the
axialvoidagethesesolidsareaccountedor. Grid refinementioneonsmallerscale
problemshasshavn the discrepanciefn Figure2 andobsered in the otherruns
canbeminimized. Unfortunatelythis approactwould resultin prohibitively large
CPUtimesfor simulationson anindustrialscale.



We also comparedthe FPFOI resultswith the resultsof the Superbedim-
iter. Superbeeonsistentlyover predictedthe riser inventory andin mary cases
remainedn abed-filling regimethroughouthe simulation.Figure3 compareshe
total riserinventoryfor run CK2 betweerSuperbeandFPFOI.Similar discrepan-
cieswereobseredfor runsCK4 andCK7 andSuperbeevasnotusedn runsCK16
andCKL17. This considerabl@lifferenceis surprising,andit appearshatSuperbee
predictsa regime change.Theresultsof this studyshawv thatthe overall pressure
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Figure3: Total RiserlnventoryFor RunCK2.

drop can be matchedand, surprisingly exceededasin the caseof Superbee.ln

the simulationspreviously reportedin the literature, the calculatedpressuredrop
is usually lessthanthe experimentalvalue, andto matchthe experimentaldata,
parametersuchasthe solidsviscosity or the dragare adjusted(seefor example,
O’Brien and Syamlal1993). The studiespreviously reportedin the literatureare
for smaller(100 um) diametemarticles,andthe usageof a suficiently smallgrid

for industrial-scal€CFB'sis prohibitively expensve. This difficulty hasleadto the
needfor developing subgridscalemodels(Agrawal et al. 2001)thatwill allow

the useof coarsegrids. For the 1000 um diameterparticlesusedin this study it

appearghata grid resolutionof abouttentimesthe particle-diameters sufiicient
to calculatepressuradrop valuesthat matchexperimentaldata, without adjusting
ary physicalparameters.



5 Conclusion

Usingriserinventoryto determinesteady-statepressuralropspredictecby MFIX
using FPFOI shaved excellent agreementvith experimentaldata. Resultsalso
indicatethat no-slip boundaryconditionsfor the solids phaseshouldbe replaced
with a more physicalcondition (partial-slip). This investigationhasalso shavn
theresultsof two higherordermethodqSuperbeandFPFOI)differ considerably
with Superbeeonsistentlyover predictingthe riserinventory and pressuredrop.
Currentwork is undervay to determineghe overall effect high orderlimiters have
in gas-solidsalculations.

6 Nomenclature

Gs(kg/s) SolidsCirculationRate
fi(kg/m2s2  Body Force
I (kg/mPs?)  Gas-SolidsDrag

AP(Pa) DifferentialPressurérop
Sn (Pa) StressTensor
Vg(m/s) RiserGasVelocity
Vm(m/s) Velocity Vector
&m Voidage
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